Introduction
The meridional overturning circulation (MOC) of the ocean carries a large amount of heat northward in the Atlantic that subsequently is released to the atmosphere in mid and high latitudes and thereby significantly influences the climate in northern Europe (Hall and Bryden, 1982) . The fundamental importance of MOC variations to northern hemisphere climate changes and possible impact on society are of paramount interest especially since recent model studies from (Manabe and Stouffer, 1993; Wood et al., 1999; Cubasch et al., 2001) hypothesized that the anthropogenic increase in the atmospheric concentration of CO 2 and other greenhouse gases could lead to a measurable reduction in MOC strength in the Atlantic over the next century. The possibility that such large and rapid transitions of the MOC could actually occur over the next few decades in response of present-day climate shifts is still vigorously debated in the literature, without any obvious conclusion at hand. An analysis of the variability of the MOC in the North Atlantic over the last few decades and underlying causes and mechanisms is therefore urgently needed before the likelihood for abrupt changes can be understood.
In the past, changes of the MOC strengths were repeatedly diagnosed from observations available at several latitudes in the North Atlantic. As an example, Koltermann et al. (1999) To determine long-term trends from noisy measurements and to separate them from low frequency variability has often proven to be difficult and error-prone. Accordingly, the MOC analysis of Bryden et al. (2005) caused criticism because it is based on just a few realizations of single repeated cross-basin sections and could therefore be aliased by short term baroclinic variability of the MOC (Thurnherr and Speer, 2004) . As a result, the estimated trend may not be statistically significant. Especially the relevance of the later problem is now being addressed with major dedicated observational programs in Europe and the US aiming at continuously monitoring and detecting changes in the MOC with a much higher time resolution (e.g., NERC RAPID, http://www.soc.soton.ac.uk/rapidmoc/). Recent results suggest that several decades of measurements are needed before trends can be detected with statistical significance (Baehr et al., 2007) .
If used only in isolation, different sources of information may provide inconsistent answers to the question whether the MOC is changing or not. For a most reliable estimate of MOC changes, all available observations that potentially contribute information to the detection of MOC changes and information about their uncertainties should be used. The ideal approach is to combine -in a dynamically consistent way -all available ocean data, including the existing satellite data sets with a numerical model and use the resulting model output as the basis for studies of the MOC. The consortium for Estimating the Circulation and Climate of the Ocean (ECCO) previously demonstrated the feasibility of such a dynamically consistent global ocean state estimate over more than a decade and discussed the skill of the estimated three-dimensional, time-varying oceanic state over the period 1992 (Stammer et al., 2002 , 2003 Köhl et al., 2006c; Wunsch and Heimbach, 2006) . This approach is, however, limited by the realism of the numerical model and unresolved processes may bias the estimate. Köhl et al. (2006c) , for instance, refrained from analyzing MOC trends in their 11-year long solution, because trends in such a relatively short run are significantly influenced by numerical (spin-up) artifacts of the model.
In order to address climate relevant decadal and longer-term changes of the circulation longer estimation efforts are required. It was therefore attempted by the German partner of the ECCO effort (GECCO) to estimate the ocean circulation over the 50-year period 1952-2002 (henceforth referred to as the GECCO run). The aim of this GECCO effort is to bring an ocean circulation model into consistency with all in situ and satellite observations that were collected since the beginning of the 1950s. Based on this new 50 year optimization, we investigate here decadal changes of the meridional overturning (MOC) in the Atlantic Ocean, and provide also details on the optimization set up. In analyzing MOC changes and their dynamical causes we essentially follow the previous study of Köhl (2005) who identified mechanisms that can potentially influence the MOC at 30
• N in the Atlantic. Our aim here is to quantify the relative importance of each of these mechanisms in contributing to the observed MOC variability in the Atlantic Ocean. In a related study, Köhl et al. (2006d) investigate regional and global sea level changes on decadal and longer time scales as they result from the same 50-year GECCO estimate.
The structure of the remaining paper is as follows: In Section 2 we will present the method and approach taken here. The variability of the simulated MOC variability is investigated in Section 3. Estimates of changes of the Atlantic MOC from the GECCO results are presented in Section 4 for the last 50 years. Mechanisms for the observed and simulated SSH changes are discussed in Section 5. A decomposition of the variability into the contributing processes is attempted in Section 6. Concluding remarks follow in Section 7.
2 Methodology and Approach
Adjoint Model Framework
The assimilation approach used in this study is essentially identical to the 11-year ECCO synthesis on a 1
• horizontal global grid, described in detail by Köhl et al. (2006c) . It is based on the ECCO/MIT GCM and its adjoint and covers the global ocean from 80 o S to 80 o N with realistic topography based on the Smith and Sandwell (1997) dataset.
Vertical mixing is represented by the KPP scheme of Large et al. (1994) . Background coefficients of vertical diffusion and viscosity are 10 −5 m 2 s −1 and 10 −3 m 2 s −1 , respectively.
Harmonic diffusion along neutral surfaces according to Redi (1982) in association with the parameterization of Gent and McWilliams (1990) (GM) for eddy-induced tracer advection represents unresolved eddy processes. The GM advection coefficient was set to 10 3 m 2 s −1 and the isopycnal diffusivity and horizontal viscosity were chosen to be 10 2 m 2 s −1 and 10
The model is operated in the hydrostatic configuration with an implicit free surface.
It was forced with once per day surface heat flux and salinity flux as estimated from precipitation and latent heat flux, obtained from the National Center for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) re-analysis project. Daily short wave heat flux is treated separately. The vertical profile of absorption is modeled by the analytic formula of Paulson and Simpson (1977) for prescribed ocean water type Ib after Jerlov (1968) . Wind stress forcing fields were provided twice per day.
Optimization
Our solution is obtained by fitting the model simultaneously to all available data over the 50-year period. As in the previous 11-year optimization, this is done iteratively by first running the forward model to calculate the model data miss-fit formulated as a costfunction, followed adjoint model run to calculated the gradients of this costfunction.
Similar to our experience with the previous 11-year optimization, the adjoint code to the GM and KPP parameterization had to be excluded from the adjoint model because this code otherwise would cause exponentially growing adjoint variables. However, in contrast to the previous optimization, this reduced (approximate) adjoint still shows exponentially growing adjoint variables when integrated over the full 50 years period. Köhl and Willebrand (2002) related the appearance of exponentially growing adjoint variables to an exponentially growing number of secondary minima of the cost function which prevent the optimization from converging towards a global minimum. A cost function defined in terms of statistical quantities will converge for long integration periods to one with a parabolic shape in which the secondary minima are transformed into stochastic perturbations. The authors demonstrated, that adjoint gradients, calculated by using a modified coarse resolution adjoint of the high-resolution forward model, provide a good approximation to gradients of this parabola and will enable a convergence of optimization into the global minimum.
To overcome the problem of adjoint instabilities during the 50 year optimization we to some extent followed the strategy of Köhl and Willebrand (2002) . However, rather than reducing the resolution of the adjoint model, we increased its diffusivity values (by a factor of 100) which likewise prevented the adjoint model from developing unstable modes without affecting the large scale patterns of the gradient. At the same time, the forward model remained unchanged and also contains the full model physics. This strategy was also successfully adopted for an eddy resolving assimilation in the tropical Pacific (Hoteit et al., 2005) .
To bring the global 1
• model into agreement with observations, initial temperature and salinity conditions as well as the time-dependent (10-day averages) surface fluxes of momentum, heat and freshwater were adjusted by the adjoint method. The data constraints available after 1992 are the same as those used during the 11-year optimization described by Köhl et al. (2006c) and essentially consist before 1992 of an extensive data base of upper-ocean thermal (XBT and MBT) measurements. However, most available tide gauge and CTD data were used as well. A schematic of the optimization in terms of all input data sets and their temporal availability and in terms of control parameters is provided in Fig. 1 . Details on the input data sets and their prior error descriptions are Fig. 1 provided by (Köhl et al., 2006a) .
Results presented below are based on iteration 23. Over those number of iterations the cost function was reduced to about 10% of it's initial value and further progress was slow. Because of its complexity (we estimate 251947317 parameters from 571271669 observations) the optimization did not converge completely after this number of iterations, but the model was brought into a level of agreement with the data that is comparable to the previous 11-years optimization. The higher (by 30%) RMS difference to the data can be rationalized through a reduced controllability of the state by the initial conditions. The effect of model drift due to unresolved physics (mesoscale eddies) is also larger over a longer integration period.
Although formally not yet fully converged, the solution is close enough to investigate MOC variability and underlying processes and causes. This is legitimate as long as our focus is primarily on potential processes and less on describing the actual changes that took place in the ocean. We believe that conclusions drawn about the analyzed variability, as well as about processes and mechanism, are more affected by the limitations of the numerical model than by lack of full convergence. This point will be further substantiated in the discussion below.
We note that results shown here (like for the earlier optimization) are based on two forward runs of the ECCO/MIT model. In the first case we use the estimated initial model temperature and salinity fields and the time-varying surface forcing which were estimated in the optimization procedure. This run will be called GECCO run below. In a second -reference run -we use Levitus initial conditions and NCEP surface forcing fields (including relaxation to Reynolds surface temperature and Levitus surface salinity), as it is tradition for process-oriented model runs. In both cases monthly mean averages of the time-varying model state were used as the basis of our investigation.
Atlantic MOC Variability
In the following we will use the GECCO results to infer changes in the MOC of the Atlantic on interannual to interdecadal time scales. To begin with, Fig. 2a shows the Fig. 2 time mean MOC of the Atlantic Ocean. A maximum of 18 Sv at about 48
• N and values around 13 Sv further south are in the range of previous estimates, although they are somewhat lower and higher than results published by Ganachaud and Wunsch (2000) for the lower latitudes and at 48
• N, respectively.
In comparison to Bryden et al. (2005) , or the much earlier estimate by Roemmich and Wunsch (1984) , the GECCO circulation is shallower as indicated by the depth of the MOC maximum, which was already true for the shorter ECCO solution of Köhl et al. (2006c) .
Accordingly, the upper (uNADW) and lower (lNADW) North Atlantic Deep water form one single core which is a common problem of these type of models ). The first decade of the simulation was disregarded in all analyses to exclude the associated initial adjustments to this deficit. Moreover, the inflow of Antarctic Bottom
Water is weak.
Also shown in Fig. 2 is the decomposition of the MOC into the geostrophic, Ekman, and residual components, split according to in Lee and Marotzke (1998) Also shown in the figure is the time series of the MOC strength obtained from the shorter 11-year optimization described by Köhl et al. (2006c) . The corresponding changes do not show resemblance with the curve of the longer run during the same period. Instead they resemble essentially the first 10 years of this present 50-year optimization. As already discussed by Köhl et al. (2006c) , the MOC variability has to be considered to be unrealistic during the first decade which should also hold for the MOC analysis published by Wunsch and Heimbach (2006) 
Mechanisms for North Atlantic MOC Changes
We have seen in the last section that the MOC in the North Atlantic is changing essentially on all time scales and that the latitudinal pattern of those changes are complex. While up to now there is speculation as to how those variations look like, this holds even more so as to what drives them. In this section we will try to address the second aspect as far as it concerns the GECCO results.
Based on an adjoint sensitivity study with essentially the same set up as used here, The two others are wind driven and are generally of shorter time scale. On monthly to interannual time scale, the local Ekman transport caused by zonal wind stress is the most prominent mechanism which is also described by Jayne and Marotzke (2001) and Herrmann (1994) to be the most important process responsible for the seasonal variability. Coastal jets, caused by up-and down-welling due to changes in along-shore wind at the coast of West Africa are found to account for a larger fraction of the wind induced MOC anomaly in the perturbation experiments performed by K05. In the following we will use those four mechanism as a basis to identify how much each of these contribute to the MOC changes estimated by GECCO on interannual to decadal and longer time scales. Additionally, Lee and Marotzke (1998) 
Causes for MOC variations in the GECCO estimation
The discussion of the previous section suggested that all four processes, described by K05 as potentially involved in changing the MOC at 25
• N, actually contribute to forming the MOC variability at that latitude in the GECCO synthesis. Here we will now determine, in a quantitative way, the fraction by which each of them explains the simulated MOC variability and consider the variability associated with each of them. For this purpose, Quantifying the role of density driven variability, communicated through Kelvin and Rossby waves, requires the use of proxy-transports. For the Kelvin/boundary wave mechanism we select the MOC transport at 48 • N. At this location only a small fraction of the MOC variability is due to Ekman transports (r=0.08), and, as shown by K05, the Rossby wave mechanism as a contributor to the MOC variability also becomes less important further north. To determine the contribution due to Rossby waves amplified in the baroclinically unstable subtropical gyre, the streamfuncion at 45
• N in 300 m (i.e the transport 0-300 m transport east of this point) close to the maximum correlation for the 42 month lag in Fig. 6 was chosen. We note, however, that the decomposition of the contributions to the MOC at 25
• N is problematic for the latter two parts since these transports include also components of the other 3 mechanisms.
From time series shown Fig. 7 it is appears that the two wind driven processes can only explain a small fraction of the variability of the MOC at 25
• N as their variability is smaller than the two other processes. Their variability is also on shorter timescales. Accordingly, the increase in MOC during the late 1970s is only visible in the time series of the two wave based processes but not in those related to the wind driven mechanisms. it also shows a lag for maximum correlation at 38 month. It was already suggested above that the southward propagation of density anomalies originating from the subpolar North
Atlantic is an important mechanism on interannual to decadal time scale. The figure reveals now that the signal at 48
• N leads the signal at 25
• N by about 3 years with a large correlation of r=0.70.
In a first attempt to quantify how much variability of the MOC at 25
• N can be explained by the variability of each of the 4 components, one might be tempted to use the individual pairwise correlations (shown in parenthesis) to estimate the explained variance.
Both wave based mechanisms individually would then explain about half of the variability, while the two wind driven mechanisms together would explain about one third. However, the existence of cross-correlations between pairs of the transport time series, which are also shown in Table 1 , reduces the variance explained by the components. Accordingly, a multilinear regression, that integrates information from all 4 processes, is able to explain only slightly more than 70% of the MOC variance at 25
• N. These cross-correlations exist because all processes are mainly driven by different aspects of the same external surface forcing. The measures for the different processes may also insufficiently isolate the mechanisms. Moreover, there exists also direct influence of one process on another.
For instance, as already mentioned above and demonstrated by K05, the MOC at 48
• N is also modified through Rossby waves further south. However, the existing time lag of about 3 years between the subtropical Rossby waves and MOC at 48
• N should remove most of this interrelation.
Since the time series are not independent, the pairwise correlation overestimates the linear dependence because of the influence of of the remaining variables on both of the time series. This influence can be eliminated by regarding partial multiple correlation coefficients as they evaluate the specific proportion of variance explained by one independent variable only. Here, r x 1 x 2 ,x 3 ...xn is the correlation between x 1 and x 2 after the influence of x 3 ...x n is eliminated and the reduction formulae by Yule (1907) ,
allows the recursive calculation of the reduced correlations from ultimately the cross correlations shown in Tab. 1 and thus the determination of the associated explained variance for each of the variables x i .
The results of the analysis are also summarized in Tab. 1. Now the two wave based components explain together 60% and the wind driven processes together only 13% of the MOC variance at 25
• N. We note that the westward Rossby wave contribution with 35% explained variance is slightly larger than the contribution from the Kelvin wave signal.
A total of 27% of the variance remains unexplained. Candidates for the associated processes are the Rossby waves in the South Atlantic, the barotropic mode driven by wind stress curl and Rossby wave along the NECC. However, including the Rossby waves in the South Atlantic revealed that only little more ( ≤ 2%) of the variance is explained and that many more of such secondary processes need to be considered.
In order to further explore the sources of variability for the MOC, we show in Fig Table 2 .
In addition, similar parameter are shown for the mixed layer depth and density in the LS, the density of of the Irminger Sea and the local Ekman transport at that latitude.
In contrast to Böning et al. (2006) , we find a low correlation between the 48
• N MOC strength and the maximum mixed layer depth in the Labrador Sea (LS) (r=0.3). Instead and in agreement with K05, an enhanced correlation to the density at 900 m in the LS (r=0.89) and an even higher correlation to the density in 900 m depth from south of the overflows (r=0.91) is found. The latter is supported by the high correlation between the MOC at 48
• N and the Denmark Strait overflow variability (r=0.83, with lead 4.8 yr).
Together with the lower correlation to the mixed layer depth variability in the LS, this
indicates that the correlation to the density variability in the LS is actually substantially caused by density variations that are created by the overflows and advected into the LS rather than created locally. Although inconsistent with the results of Böning et al. (2006) , our relation to the overflows is not surprising as according to Dickson and Brown (1994) more than 13 Sv and thus the dominant part of the North Atlantic Deep Water originates from the overflows. This finding is consistent with a correlation of the NAO index on the MOC changes at 48
• N. Köhl and Stammer (2004) have discussed the relation of the NOA changes to variations of total transport through Denmark Strait. Previously, Eden and Willebrand (2001) also investigated the response of MOC changes at 48
• N to atmospheric forcing anomalies over the LS and reported an increase in MOC strength after a lag of 2-3 years relative to enhanced convection activity during high NAO states.
In the absence of overflow measurements, the NOA index appears to be a good proxy for changes of the MOC at 48
• N and 3 years years later also at 25
• N. On the other hand, Köhl et al. (2006b) have discussed the possibility of using SSH data north of the Denmark Strait (DS) to monitor the DS through flow. SSH observations north of the DS sill should therefore be also a good proxy to monitor changes of creation of dense water in the subpolar NA and to serve as a early-warning system, even for changes of the MOC at 25
• N. to 0.6. This reduced skill of SSH as a proxy compared to Köhl et al. (2006b) probably include the lack of resolution in this narrow passage.
Conclusions
The global estimate of the ocean state over the period 1992-2002 by Köhl et al. (2006c) support an MOC increase since MOC variations can be described as lagged response to NAO variability (Eden and Willebrand, 2001) . The general upward trend of the NAO since the 1960s suggest according to Latif et al. (2006) increasing rather than a weakening of the MOC.
Additional independent information about MOC changes were obtained from measurements of the subpolar deep western boundary current (DWBC) or the intensity of the gyre circulation. In this context, Häkkinen and Rhines (2004) reported an increase of the sea surface height (SSH) in the subpolar North Atlantic over the the past decade which they interpret as a proxy for the decline of the subpolar gyre circulation. The interpretation was supported by direct current meter and hydrographic observations which additionally point at local buoyancy forcing as a possible cause for the decline. 1985 1990 1960 1965 1970 1975 1980 1955 Controls Data Constraints Figure 1 : Schematic of the optimization. The upper part shows the data constraints imposed on the model. The lines indicate times when data is available, mean or climatological data is shown as being available throughout the whole period. The lower part summarizes the control parameters that were changed during the optimization. The include the temperature and salinity initial conditions and the 10 averages of the surface fluxes. • N is excluded from the calculation for the right panels that depend on Ekman or geostrophic transports. • N (black) plotted together with time series of the maximum MOC at 48
• N (red), the Ekman transport at 25
• N (light blue), the transport 0-300 m east of 45
• W at 15
• N that is modulated by Rossby waves (blue), and the transport of the coastal jet off Africa (green). A regression of the NAO on the MOC at 48
• N (magenta) is also shown. All Transports are in Sv. • N (green). See text for details.
